This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected on April 30, 2002. To define the early events that determine the outcome of acute hepatitis C virus (HCV) infection, we compared the course of viremia with the peripheral and intrahepatic T cell response and intrahepatic cytokine profile in six acutely infected chimpanzees. Three different outcomes were observed after peak viral titers were reached: sustained viral clearance, transient viral clearance followed by chronic infection, and chronic infection that persisted at initial peak titers. The results indicate that HCV spread outpaces the T cell response and that HCV rapidly induces but is not controlled by IFN-␣͞␤; that viral clearance follows the entry and accumulation of HCV-specific IFN-␥-producing T cells in the liver; and that it may not require the destruction of infected cells.
T
here is a growing consensus that the development of a relatively strong peripheral CD4ϩ and CD8ϩ T cell response to hepatitis C virus (HCV) correlates with resolution of the infection (1) . However, the early virological and immunological determinants of HCV clearance, persistence, and disease are not well-defined, because most acutely infected patients have not been studied until after the onset of liver disease, at which time the outcome of the infection may already be determined (2) (3) (4) (5) (6) (7) . We recently studied the virological and immunological features of acute HCV infection prospectively from the time of accidental needlestick inoculation in five health-care workers, and we found that viremia was first detectable several weeks before the appearance of virus-specific T cells in the blood; that viral hepatitis coincided with the onset of a peripheral CD8ϩ T cell response to HCV; that viral clearance was temporally associated with the production of IFN-␥ by those CD8ϩ T cells; and that it was not accompanied by a surge in liver disease. In contrast, chronic infection developed in two asymptomatic subjects who failed to produce a significant T cell response and in two symptomatic subjects who initially mounted strong T cell responses that ultimately waned (8) .
Although these findings provide insight into the viral and immune dynamics that probably determine the outcome of acute HCV infection, for ethical reasons, liver biopsies were not performed in these patients, so we could not address the virus-host interactions at the site of infection. The intrahepatic inflammatory response has been assessed in chronically infected patients (9) (10) (11) (12) (13) , but those studies were performed long after the persistent infection was well established, so the nature of the infiltrate may have reflected the prolonged infection rather than the initial intrahepatic cellular response. In contrast, the intrahepatic CD8ϩ T cell response to HCV has been examined in both acutely and chronically infected chimpanzees (14) (15) (16) (17) (18) , revealing that viral clearance was associated with an early and multispecific intrahepatic CD8ϩ T cell response to the virus, whereas persistent infection was associated with a weak or narrowly focused response (14) and the emergence of viral escape mutations (16, 18) .
Nevertheless, a great deal remains to be learned about the host-virus relationship during HCV infection. In particular, little is known about the relationship between the kinetics of viral spread and the induction of the intrahepatic T cell response to HCV; the efficiency with which HCV-specific T cells home to the liver; how long they survive or how well they function once they arrive; and the role of virus-induced or T cell-derived cytokines in viral clearance has not been defined. Indeed, we do not know whether viral clearance merely reflects the conventional notion of immune destruction of infected cells or whether the virus can also be controlled by noncytolytic effector functions of the immune response. The current study was performed to address these issues.
Materials and Methods
Chimpanzees. The housing, maintenance, and care of the chimpanzees used in the study were in compliance with all relevant guidelines and requirements. All animals were infected with virus or infectious molecular clones derived from genotype 1a. Chimpanzee 1422 (Ch1422) was inoculated intravenously with 100 l of serum from a patient with acute fulminant HCV infection (19) . Ch1581 was inoculated intravenously with 1 ml of a diluted serum pool from Ch1422 containing one chimpanzee infectious dose (CID) (J.B., unpublished observations). Ch1573 was inoculated intravenously with 2 ml of a monoclonal virus pool containing 64 CID derived from a chimpanzee that was infected with the H77 clone of HCV (20) . Ch1558 was transfected intrahepatically with RNA transcribed from a total of 20 g of plasmid DNA consisting of the H77 clone of HCV lacking the proximal 24 nt of the variable region of the 3Ј untranslated region (21) . Ch1590 was transfected intrahepatically with RNA transcribed from a total of 20 g of plasmid DNA consisting of a full length copy of the H77 clone lacking the entire hypervariable region 1 (22) . Ch96A008 was inoculated intravenously with 90 ml of plasma from Ch1590 taken 4 wk after inoculation, containing a total of 900 genome equivalents (GE) (22) . At baseline and at each week after inoculation, needle liver biopsies and blood samples were obtained.
Peripheral Blood Mononuclear Cells (PBMC) and Liver Biopsy. Forty milliliters of ACD anticoagulated blood was obtained weekly for isolation of PBMC the next day. Liver tissue was obtained by hepatic needle biopsy. One fragment was put into RPMI medium (GIBCO) containing 10% AB serum; one was fixed in 10% zinc formalin solution for subsequent histological examination; and one fragment was snap frozen for subsequent RNA isolation.
Histological Analysis. Zinc formalin-fixed paraffin-embedded liver biopsies were sectioned (4 m), stained with hematoxylin͞eosin (23) , and analyzed histologically as described (22) .
Isolation of Intrahepatic T Cells. Liver-infiltrating lymphocytes were isolated from 0.5-1 cm of hepatic needle biopsy. The tissue was homogenized in 2-3 ml of Dulbecco's Phosphate-Buffered Saline (GIBCO) by using a Dounce tissue grinder. Cell suspensions were incubated with magnetic beads coupled to anti-CD8 or -CD4 antibodies (Dynabeads, Dynal, Oslo) for 20 min at 4°C, and bound CD8ϩ or CD4ϩ T cells were isolated by using a particle magnetic concentrator. The purity of each T cell subset was confirmed by FACS analysis and was always Ͼ95%. The isolated intrahepatic CD4ϩ and CD8ϩ T cells were then plated into separate wells in 24-well plates (Corning) in 1 ml of 10% human ABϩ serum, 100 units͞ml IL-2 (Hoffmann-La Roche), 0.04 g/ml anti-human CD3 monoclonal antibody (Immunotech, Marseilles, France), and 2 ϫ 10 6 irradiated autologous PBMC as feeder cells. Twice a week, 1 ml of media was exchanged and 100 units͞ml IL-2 added. After 2 wk, the expanded T cells were tested for HCV-specific T cell responses (see below).
Recombinant HCV Proteins. All recombinant HCV proteins (genotype 1a) and control superoxide dismutase protein were kindly provided by M. Houghton (Chiron, Emeryville, CA) (24, 25) . These proteins were deduced from strain HCV-1, genotype 1a.
Recombinant Expression Vectors. Two recombinant vaccinia virus constructs, vHCV 1-1488 and vHCV 827-3011, which encode all HCV proteins according to the sequence of strain H77 (genotype 1a), were used together with a vaccinia virus encoding the T7 RNA polymerase, vTF7 (all generously provided by Charles Rice, Rockefeller University, New York) (26) to induce transient expression of endogenously processed HCV proteins in autologous Epstein-Barr virus (EBV) immortalized B cell lines (B-LCL). B-LCL were infected at a multiplicity of infection of 25 for 1 h at room temperature with vHCV 1-1488 plus vTF7, vHCV 827-3011 plus vTF7, or vTF7 alone. After 1 h, 1 ml of 10% FCS medium was added, and the infected B-LCL were cultured (at 37°C) overnight and then washed once before they were added as stimulators to the intracellular IFN-␥ staining assays (see below).
Synthetic Peptides. A large panel of HCV-derived peptides, whose sequence was based on the HCV-1 strain (genotype 1a) (27) and most of which have been previously identified as cytotoxic T lymphocyte epitopes in infected humans and chimpanzees (6, 9, 14, 15, 26, (28) (29) (30) (31) (32) , was synthesized, dissolved, and diluted as described (26) . The amino acid sequences of the 68 peptides are presented in Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org.
Antibodies. Anti-CD8 FITC, -CD8 phycoerythrin (PE), -CD4 PE, -CD3 APC, -IFN-␥ PE, isotype FITC, isotype allophycocyanin, and isotype PE antibodies were obtained from PharMingen and used according to the manufacturer's instructions.
HCV RNA Detection. HCV RNA was detected in serum by using the RT-PCR (HCV-Monitor Amplification Kit: Roche Diagnostics, Version 2.0), following the manufacturer's instructions. The quantity of HCV RNA in each specimen was expressed in HCV RNA GE per milliliter of serum. In addition, serum HCV RNA was monitored by in-house RT-nested PCR (33) . HCV RNA levels in the liver were determined by quantitative real-time PCR by using a BioRad iCycler system. Briefly, 1 g of total RNA isolated from liver biopsies was reverse transcribed by using random primers and the Taqman Reverse Transcription Reagents from Applied Biosystems according to the manufacturer's instructions. Subsequently, 1͞10 of cDNA were subjected to quantitative Taqman PCR (50-l reaction by using TaqMan Universal PCR Master Mix from Applied Biosystems, 200 nM primer each, and 100 nM TaqMan probe) for HCV by using the primers HCV146U (5Ј-GTCTGCGGAACCGGTGAG-3Ј) and HCV201L (5Ј-GCATTGAGCGGGTTTATC-3Ј) in the 5Ј noncoding region together with TaqMan probe HCV165P (5Ј-6-FAMd(ACACCGGAATTGCCAGGACGACC)DHQ-1-3Ј).
HCV Antibody Measurements. HCV antibody testing was performed with the HCV EIA-2 assay, testing for specificities against C22, C33, and C100 (Abbott).
HCV-Specific Proliferative T Cell Response. This assay was done on PBMCs as described (8) . Polyclonally expanded CD4 ϩ intrahepatic lymphocytes were cultured under the same conditions except they were plated together with 1 ϫ 10 5 autologous irradiated (3,000 rad) PBMCs as antigen-presenting cells before the proteins were added. The degree of cellular proliferation was expressed as stimulation index (SI) in which the average HCV-Specific CD8؉ T Cell Responses. HCV peptide-specific cytotoxic T lymphocyte lines were established from PBMCs by stimulation with pools of synthetic peptides (five peptides per pool at 10 g͞ml of each peptide), as described (29) . On day 21, the peptide-stimulated cytotoxic T lymphocyte lines and the unstimulated PBMCs from which the lines were derived were stimulated with individual peptides (10 g͞ml) and analyzed for peptide specific IFN-␥ production exactly as described (8) .
The presence of HCV-specific CD8ϩ T cells in polyclonally expanded intrahepatic CD8ϩ T lymphocytes (see above) was also examined by intracellular IFN-␥ staining after 5 h of stimulation with autologous EBV-transformed B-LCL that were infected with recombinant HCV vaccinia viruses vHCV 1-1488 or vHCV 827-3011 together with vTF7 or with vTF7 alone. Peripheral CD8ϩ T lymphocytes purified from PBMCs obtained at the same time and expanded polyclonally in the same manner as the intrahepatic lymphocytes were also studied to compare the frequency of HCV-specific CD8ϩ T cells in the peripheral blood and intrahepatic compartments.
The frequency of HCV-specific CD8ϩ T cells was defined as the percentage of CD8ϩ T cells that produce IFN-␥ in response either to HCV peptide stimulation or to stimulation by B-LCL coinfected with vHCV and vTF7 after subtraction of the IFN-␥ϩ, CD8ϩ T cells detected after stimulation in the absence of peptide or in the absence of vHCV, respectively.
Target Cell Lines. Autologous EBV-transformed B-LCL were established from all chimpanzees, as described (34) . All target cells were maintained in RPMI with 10% (vol͞vol) heatinactivated FCS (GIBCO).
RNA Isolation and RNase Protection Assay. Liver RNA isolation and the RNase protection assay were performed exactly as described (23) .
Results

Courses of HCV Infection: Sustained Viral Clearance, Transient Viral
Clearance, and Persistence. Viral RNA became detectable within 1 wk by RT-nested PCR in all infected animals and within 3 wk by quantitative PCR, except for Ch1590, which was inoculated intrahepatically with a hypervariable region deleted mutant viral genome (Fig. 1) . Importantly, viral titers rose several orders of magnitude very rapidly after their initial appearance. Three distinctly different courses of acute HCV infection were observed: sustained viral clearance ( Fig. 1 A and B) ; transient viral clearance followed by chronic infection (Fig. 1 C and D) ; and chronic infection that persisted at initial peak titers ( Fig. 1 E and  F) . For ease of discussion, these different outcomes will henceforth be designated sustained clearance, transient clearance, and persistence, respectively. Sustained Clearance. Ch96A008 and Ch1422 displayed early peak viral titers close to or greater than 10 5 GE per milliliter that eventually became undetectable and remained undetectable in both animals until at least 68 and 29 wk, respectively ( Fig. 1 A  and B) . In Ch1422, a rapid viral decrease of Ͼ3 logarithms during week 10 was associated with a surge in serum alanine aminotransferase (ALT) activity that peaked at 744 units͞liter and commensurate histological evidence of necroinflammatory liver disease (Fig. 1B) . In contrast, viral clearance occurred in Ch96A008 in the absence of any elevation of serum ALT activity or HCV antibodies, and with much less histological evidence of inflammation (Fig. 1 A) .
Transient Clearance. As shown in Fig. 1 C and D, like the previous animals, Ch1573 and Ch1581 displayed early peak viral titers of 1.9 ϫ 10 5 and 2.5 ϫ 10 6 GE per milliliter that rapidly decreased by three to four orders of magnitude to become undetectable. Viral clearance was accompanied by a surge in serum ALT activity in Ch1581 (Fig. 1D) but not in Ch1573 (Fig. 1C) and only low-level inflammatory infiltrates in the liver. Unlike the first two animals, however, the virus became detectable again, and it fluctuated thereafter between undetectable and 10 3.8 GE per milliliter, indicating low-level persistent infection with essentially normal serum ALT activity and minimal intrahepatic inflammation.
Persistence. As shown in Fig. 1 E and F, Ch1558 and Ch1590 displayed initial peak viral titers of Ϸ10 4 GE per milliliter that fluctuated in that range for at least 78 wk thereafter (not shown). It is important to note that in both of these animals, serum ALT values remained normal, although low-level inflammatory infiltrates were detectable occasionally in Ch1558, and no antibodies to HCV were detected until weeks 25 (Ch1558) and 36 (Ch1590) (not shown). The low level of virus replication in Ch1590 during the first 10 wk of infection probably reflects the mutated HCV genome with which it was infected, and the first rise in viremia was associated with the occurrence of several adaptive mutations as described (22) .
Peripheral vs. Intrahepatic HCV-Specific CD4؉ T Cell Responses to
HCV. As shown in Fig. 2A , a peripheral virus-specific CD4ϩ T cell response became detectable in all five chimpanzees between 4-5 wk of inoculation except for Ch1590, who became positive 1 wk after infection. In separate studies in which CD4ϩ and CD8ϩ T cells were depleted before antigen stimulation, we demonstrated that the proliferative response was limited to the CD4ϩ T cell subset (data not shown). All of the chimpanzees responded to all of the antigens (Table 1) . Therefore, these results indicate that a peripheral virus-specific CD4ϩ T cell response is induced in all HCV-infected animals, but the outcome of infection appears to be independent of the kinetics, strength, specificity, or diversity of that response.
In contrast, there was a strong correlation between the intrahepatic HCV-specific CD4ϩ T cell response and the course of infection. A strong and sustained proliferative T cell response was observed in the intrahepatic infiltrate in Ch96A008 that cleared the infection and in Ch1573 and Ch1581 that displayed Fig. 1 . Courses of acute HCV infection in chimpanzees after experimental inoculation with HCV. Quantitative HCV RNA levels were expressed as log GEs per milliliter of serum. HCV RNA was also monitored by in-house RT-nested PCR, and results are indicated as ϩ or Ϫ. ALT activity was expressed as units per liter. HCV antibody responses reflect the results of an HCV EIA-2 assay as described in Materials and Methods. Liver biopsies were examined for necroinflammatory changes and scored as described (22) . transient viral clearance (Fig. 2B) , and the response was targeted against virtually all of the viral antigens in each of these animals ( Table 1) . By comparing Figs. 1 and 2 , it is evident that the intrahepatic T cell response began shortly before major decreases in viremia in all three animals. Interestingly, the intrahepatic T cell response waned and eventually became undetectable in the animal that cleared the virus (Ch96A008), but it persisted in the animals that transiently cleared the infection (Ch1573 and Ch1581), suggesting ongoing recognition of viral antigen by intrahepatic CD4ϩ T cells in those animals. In contrast, HCV-specific T cells were virtually undetectable in the liver of persistently infected Ch1558 and Ch1590 (Fig. 2B) , and when CD4ϩ T cell responses were detectable in these animals, they were weak and narrowly focused (Table 1) .
Peripheral vs. Intrahepatic HCV-Specific CD8؉ T Cell Response to HCV.
The peripheral CD8ϩ T cell response was tested directly ex vivo by using both a large panel of HCV peptides (6, 9, 14, 15, 26, (28) (29) (30) (31) (32) and also by using autologous EBV-B cell lines infected with a recombinant vaccinia virus that expresses HCV residues 1-1488 or 827-3011 to stimulate intrahepatic IFN-␥ production. In no instance were HCV-specific IFN-␥-producing CD8ϩ T cells detected directly ex vivo in any animal, indicating their low frequency in the peripheral blood (not shown). After repeated in vitro stimulation with the panel of the HCV peptides (Table 2) ; however, peptide-specific CD8ϩ T cells were sufficiently expanded to be detectable in all of the chimpanzees to varying degrees (Fig. 3A) . Ch96A008, which cleared the infection (Fig.  1 A) , mounted an early and multispecific peripheral CD8ϩ T cell response to a total of seven peptides (Fig. 3A) , and the response persisted for at least 68 wk, the first 23 of which are shown in Fig.  3A . A similar early multispecific peripheral CD8ϩ T cell response against a total of eight epitopes was also seen in Ch1573 (Fig. 3A) , which transiently cleared the virus (Fig. 1C) . The CD8ϩ T cell response persisted together with low levels of virus for the duration of the study. In contrast, the peptide-specific peripheral CD8ϩ T cell responses were much less vigorous in the three remaining animals (Fig. 3A) , including Ch1581, which also displayed transient viral clearance similar to Ch1573. Importantly, class I allele analysis of the chimpanzees (C. Walker, personal communication) revealed that Ch1581 did not share any Patr alleles with Ch1573 or Ch96A008, whereas three of the four Patr A and Patr B alleles were identical in the latter two animals, and either one or two of their alleles was shared by Ch1590 and Ch1558, respectively. Thus, our failure to detect peptide-specific peripheral CD8ϩ T cells in Ch1581 may reflect a bias in our peptide panel against epitopes that can be recognized by this animal's Patr alleles rather than true nonresponsiveness to the virus. In contrast, because of the similar Patr allelotypes of Ch96A008, Ch1573, Ch1558, and Ch1590, the peripheral nonresponsiveness of the latter two animals to the peptides may reflect differences at the T cell level. In striking contrast to our inability to detect HCV-specific CD8ϩ T cells directly ex vivo in the peripheral blood, intrahepatic CD8ϩ T cell responses to HCV were detected as early as 4 wk after inoculation in Ch96A008 that cleared the infection and in Ch1573 and Ch1581 that displayed transient viral clearance (Fig. 3B) . Importantly, intrahepatic CD8ϩ T cell responses to HCV were not detected in the two persistently infected animals (Ch1558 and Ch1590) (Fig. 3B) . In each responsive animal, the CD8ϩ T cells appeared in the liver before precipitous declines in viral titer occurred (Fig. 1) . It is also important to note that, like the CD4ϩ T cell response (Fig. 2) , the intrahepatic CD8ϩ T cell response remained detectable in Ch1573 and Ch1581 for at least 48 and 65 wk, respectively (not shown), coincident with persistent low-level viral infection, whereas in Ch96A008, the intrahepatic CD8ϩ T cell response became undetectable soon after viral clearance, and it has remained undetectable for at least 68 wk (not shown). These results demonstrate that HCV-specific CD8ϩ T cells are greatly enriched in the liver when compared with the peripheral blood, and they indicate that both initial viral clearance and the subsequent control of HCV infection at greatly reduced titers are associated with the presence of HCV-specific CD8ϩ T cells in the liver.
Hepatic Cytokine and T Cell RNA During Acute HCV Infection. As shown in Fig. 4 , 2Ј5Ј oligoadenylate synthetase mRNA, a type I IFN-induced gene, appeared in the liver as soon as HCV RNA was detectable in the serum, and the magnitude of its induction closely reflected the level of viremia in all of the animals as well as the level of HCV RNA in the livers of the three animals in which it was tested (Ch96A008, Ch1422, and Ch1558) (data not shown). In contrast to the rapid and universal induction of type I IFN in the liver of these animals, IFN-␥ and CD3 mRNA were detectable only in the animals that displayed sustained (Ch96A008 and Ch1422) or transient (Ch1573 and Ch1581) viral clearance in the context of an intrahepatic HCV-specific T cell response (Fig. 4) . Importantly, the appearance of these markers occurred late in the infection, and they coincided very well with the intrahepatic CD4ϩ (Fig. 2) and CD8ϩ (Fig. 3) T cell responses and with the disappearance of viral RNA in Ch96A008 and Ch1422, or with major decreases in viremia in Ch1573 and Ch1581 (Fig. 4) .
Discussion
The results of this study reveal several important aspects of the host-virus relationship during acute HCV infection. First, HCV spreads so rapidly in an infected host that it appears to outpace the immune response by several weeks, perhaps contributing to the tendency of HCV to persist. Second, HCV is a strong inducer of type I IFN, but it is relatively resistant to its antiviral activity, another factor that favors persistent infection. Third, the intrahepatic T cell response to the virus correlates with acute control of the infection, whereas the peripheral T cell response does not. Fourth, major decreases in viral titer in animals that permanently or transiently clear the infection are accompanied by an early, vigorous, multispecific, IFN-␥-producing intrahepatic CD4ϩ and CD8ϩ T cell response. Fifth, relatively stable viral titers occur in the absence of an intrahepatic virus-specific T cell response or IFN-␥. Finally, the results suggest that although the infection can be controlled to varying degrees in the context of a destructive immune response to the virus, viral titers can decline more than three orders of magnitude in the absence of biochemical evidence of liver disease and with minimal intrahepatic necroinflammatory changes, suggesting the involvement of noncytolytic T cell effector functions such as the production of antiviral cytokines, as we have previously reported for HBV (23, 35) . The recent demonstration (36) that IFN-␥ can inhibit amplification of the HCV replicon in Huh-7 cells supports this notion.
Perhaps the single most important observation from this study is that acute control of HCV infection is associated with a vigorous intrahepatic antiviral CD4ϩ and CD8ϩ T cell response (Figs. 2B  and 3B ). The key factor is the intrahepatic accumulation of the T cells, not their induction in the periphery. The results also demonstrate that there is no easily discernible difference in the kinetics, magnitude, or diversity of the intrahepatic CD4ϩ and CD8ϩ T cell response between the animal that permanently cleared the infection (Ch96A008) and the animals that only transiently cleared the virus (Ch1573 and Ch1581). Thus, the meaningful relationship is between the vigor of the initial intrahepatic T cell response and the initial decline that leads either to clearance or sustained suppression of viremia at much reduced titers. Interestingly, the vigor of the response does not correlate with the eventual outcome of the infection, which is apparently influenced by other factors in addition to the intrahepatic T cell response (e.g., viral quasispecies, replication efficiency, mutation rate, tissue tropism, etc.) that may determine whether an infection is terminated or merely controlled at low titers relative to initial peak levels. It should also be considered that the difference between sustained and transient viral clearance may simply reflect the sensitivity of the HCV RNA assay rather than biologically different outcomes; i.e., theoretically, Ch96A008 may be persistently infected at subdetectable levels.
It is also important to note that, using the same assay technique, virus-specific CD8ϩ T cells were detectable in the liver but not in PBMCs obtained at the same time after infection as the intrahepatic lymphocytes (data not shown). However, after in vitro peptide-specific stimulation, virus-specific CD8ϩ T cells became detectable in the peripheral blood (Fig. 3A) . These results imply that virus-specific T cells exist at a very low frequency in the peripheral blood, whereas they preferentially accumulate in the liver, the site of active virus replication. This notion supports recent observations in chronically infected patients that HCV-specific CD8ϩ T cells were detected at higher frequencies in liver than blood by using soluble tetrameric HLA-A2 molecules (12, 13) , and that cloning of intrahepatic HCV-specific cytotoxic T lymphocyte lines from chronically infected humans and chimpanzees is often successful (9, 11, (14) (15) (16) (17) , whereas antigen-specific expansion is usually required to detect the same HCV-specific responses in the peripheral blood (10) . It is also intriguing that only 1-3% of the intrahepatic CD8ϩ T cells respond to HCV by producing IFN-␥ (Fig. 3B ). It will be interesting to determine whether this number represents a true estimate of the vigor of the HCV-specific CD8ϩ T cell response in the liver, or whether it underestimates that response, because most of the HCV-specific T cells that are present in the liver fail to produce IFN-␥ in response to antigen stimulation, a condition that has been observed in the peripheral blood of acutely and chronically infected patients (6, 8, 37, 38) .
We do not understand why the earliest intrahepatic T cell response is not detectable until 4-8 wk after the onset of viremia. One possibility is that HCV might activate mechanisms that prevent or delay the accumulation of virus-specific T cells in the liver. For example, the strong induction of type I IFN could inhibit IL-12 expression by dendritic cells and monocytes and block IFN-␥ production by natural killer (NK) cells (39) that could be required for the recruitment of virus-specific T cells into the liver. Alternatively, it has been recently shown that recombinant HCV E2 protein and anti-CD81 specific antibodies inhibit NK cell proliferation and activation (40, 41) . If the intact virus can also inhibit NK cell activation, this could theoretically delay the recruitment of inflammatory cells into the liver because NK cells are a potent source of inflammatory cytokines (39) . Another hypothetical mechanism is that HCV may inhibit chemokine production by hepatocytes, which would also delay the entry of inflammatory cells into the liver. Also, it is possible that HCV-infected hepatocytes, liver sinusoidal endothelial cells (42) , and dendritic cells (43) that are either potentially infected by HCV or have endocytosed and processed HCV virions could tolerize or delete naive T cells as they pass through the liver or inactivate peripherally primed virus-specific T cells when they arrive. In any event, the challenge is to determine not only what is responsible for the delayed entry, but also how the suppressive effect is terminated when virus-specific T cells finally do accumulate in the liver in animals that control the infection, and why it is not terminated in animals that do not control it.
The effector mechanisms used by the intrahepatic T cells to eliminate or control the virus remain to be determined. It is important to note, however, that the onset of the intrahepatic T cell response in Ch1581 correlated with an increase in serum ALT activity and a major decline in virus titer. Furthermore, a surge in serum ALT activity was associated with a Ͼ3-logarithm decline in viremia in Ch1422, suggesting that in both animals cytopathic effector functions of virus-specific T cells were operative. However, clearance of the virus in Ch96A008, the final clearance of the virus in Ch1422 at weeks 18 and 19, and the decrease of viral titers in Ch1573 and Ch1581 occurred in the absence of elevated serum ALT activity, and (except for Ch1422) with minimal histological evidence of liver cell injury, indicating that some mechanism other than the destruction of infected cells might have been responsible for the clearance of the virus in these animals. The most obvious candidates for a noncytopathic antiviral activity would be the IFNs. Type I IFN does not appear to play a role, because HCV rapidly and strongly triggered its expression in the liver in all animals, irrespective of the outcome of infection. These results suggest that, at least in the case of genotype 1a, HCV is a strong inducer of type I IFN, but it is relatively resistant to its antiviral activity. Several potential mechanisms whereby HCV might be able to evade the antiviral effects of IFN have been reviewed recently (44) .
In contrast to type I IFN, however, IFN-␥ was detectable only in the livers of the chimpanzees that cleared or controlled the virus, raising the possibility that IFN-␥ might perform noncytolytic antiviral effector functions during HCV infection, similar to its ability to control HBV replication in the liver of transgenic mice (23) and its association with a decrease in HBV DNA in acutely infected chimpanzees (35) . Because the intrahepatic induction of IFN-␥ correlated with the virus-specific intrahepatic T cell response in all of the animals, it is likely that IFN-␥ was produced by virus-specific T cells that accumulated in the liver, or by inflammatory cells that they activated and͞or recruited. Of course, it is also possible that IFN-␥ is simply a marker for activated intrahepatic T cells and͞or NK cells, and that it plays no direct role in the control of the infection. It is intriguing, however, that recent experiments indicate that IFN-␥ efficiently inhibits the replication of an HCV replicon in Huh-7 cells (36) . The IFN-␥ induced genes and the cellular genes that might control HCV replication are described in the companion report by Su et al. in this issue of PNAS (45) .
